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Sodium pumpPrimary Na+ transport has been essentially attributed to Na+/K+ pump. However, there are functional and
biochemical evidences that suggest the existence of a K+-independent, ouabain-insensitive Na+ pump,
associated to a Na+-ATPase with similar characteristics, located at basolateral plasma membrane of epithelial
cells. Herein, membrane protein complex associated with this Na+-ATPase was identiﬁed. Basolateral
membranes from guinea-pig enterocytes were solubilized with polyoxyethylene-9-lauryl ether and Na+-
ATPasewas puriﬁed by concanavalinA afﬁnity and ion exchange chromatographies. Puriﬁed enzymepreserves
its native biochemical characteristics: Mg2+ dependence, speciﬁc Na+ stimulation, K+ independence, ouabain
insensitivity and inhibition by furosemide (IC50: 0.5 mM) and vanadate (IC50: 9.1 μM). IgY antibodies against
puriﬁed Na+-ATPase did not recognize Na+/K+-ATPase and vice versa. Analysis of puriﬁed Na+-ATPase by
SDS-PAGE and 2D-electrophoresis showed that is constituted by two subunits: 90 (α) and 50 (β) kDa. Tandem
mass spectrometry of α-subunit identiﬁed three peptides, also present in most Na+/K+-ATPase isoforms,
which were used to design primers for cloning both ATPases by PCR from guinea-pig intestinal epithelial cells.
A cDNA fragment of 1148 bp (atna) was cloned, in addition to Na+/K+-ATPaseα1-isoform cDNA (1283 bp). In
MDCK cells, which constitutively express Na+-ATPase, silencing of atna mRNA speciﬁcally suppressed Na+-
ATPaseα-subunit and ouabain-insensitive Na+-ATPase activity, demonstrating that atna transcript is linked to
this enzyme. Guinea-pig atnamRNA sequence (2787 bp)was completed using RLM-RACE. It encodes a protein
of 811 amino acids (88.9 kDa) with the nine structural motifs of P-type ATPases. It has 64% identity and 72%
homology with guinea-pig Na+/K+-ATPase α1-isoform. These structural and biochemical evidences identify
the K+-independent, ouabain-insensitive Na+-ATPase as a unique P-type ATPase.+58 212 5041093.
.
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In the small intestine and renal proximal tubule, transepithelial Na+
transport depends on (i) Na+ entry across the luminalmembrane of the
epithelial cells, following its electrochemical gradient, and (ii) Na+
extrusion through the basolateral plasma membrane by active
mechanisms [1]. The primary active Na+ transport has been mainly
attributed to theNa+/K+ pump. However, in these epithelia, active Na+
transport is not exclusivelymediated by theNa+/K+ exchange pump. In
rabbit ileum, Nellans and Schultz [2] were unable to detect any relation
between the ouabain-sensitive Na+/K+ exchange mechanism and the
active transcellular Na+ transport. Additionally, they reported that the
maintenance of cell volume did not appear to be dependent upon the
ouabain-sensitive Na+/K+ pump. These results suggest the existence of
K+-independent active Na+-extrusion in the small intestine. In this
sense, two different mechanisms for active Na+ transport across
basolateral plasma membrane have been described in small intestinal
and proximal tubular cells [3–7]. These Na+ pumps have been
associated with two different ATPase activities, also present in thesetissues [8–11]. The Na+/K+ pump and its Na+/K+-ATPase activity
require K+, are inhibited by ouabain and vanadate, but are insensitive to
furosemide. In contrast, The Na+ pump and its associated Na+-ATPase
do not require K+, are insensitive to ouabain, but are inhibited by
furosemide and vanadate [8,11]. This K+-independent, ouabain-
insensitive mechanism had been denominated the second sodium
pumpand has been implicated in isosmotic cell volume regulation [5,6].
Furthermore, phospho-enzyme intermediaries have been associated to
the Na+- and the Na+/K+-ATPases. Both enzymes can be phosphory-
lated fromATPor Pi in the presence ofMg2+ [12–15]. Recently, ouabain-
insensitiveNa+-ATPase activitywas found increased in kidney proximal
tubule of spontaneously hypertensive rats (SHR), suggesting that this
enzyme could be involved in the development of arterial hypertension
[16].
The Mg2+ dependence, vanadate sensitivity and phosphorylation
of the enzyme during its catalytic cycle suggest that the K+-
independent Na+-ATPase could be a P-type ATPase [17,18]. It is a
membrane protein family that actively transports cations or amino-
phospholipids, coupling this process with ATP hydrolysis [17–19].
This family includes the Na+/K+-ATPase, H+/K+-ATPases, Ca2+-
ATPases, Cu2+-ATPases and ﬂippases [19].
Despite the extensive biochemical, functional and pharmacological
evidences indicating the existence of the K+-independent, ouabain-
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possible to identify any protein or gene related with this ATPase
activity. In this study, the membrane protein complex associated with
the K+-independent Na+-ATPase was identiﬁed, isolated and char-
acterized. In addition, the cDNA that codes for the catalytic subunit of
this ATPase was cloned, sequenced and silenced. These results deﬁne
this enzyme as a new P-type ATPase.
2. Materials and methods
Present work was approved by IVIC Bioethical Committee and
carried out in accordance with EC Directive 86/609/EEC for animal
experiments.
2.1. Basolateral plasma membrane preparation
Basolateral plasma membranes of guinea-pig small intestinal cells
were obtained as described by del Castillo and Robinson [21].
Membranes were resuspended in 250 mM sucrose, 0.1 mM PMSF
and 50 mM Tris–HCl, pH 7.2, to a protein concentration greater than
2 mg/ml and stored at −70 °C until their use.
2.2. ATPase activity determination
The ATPase activities were determined as described [8,22] and
expressed in nmol of phosphate liberated per mg of protein per
minute, after the subtraction of a blank obtained on addingmembrane
suspension only after the reaction was stopped. ATPase activity
determined in the presence of Mg2+ alone is referred as Mg2+-
ATPase. The difference in activity between the Mg2+-ATPase and
activity in the presence of both magnesium and sodium is denoted as
the Na+-ATPase. Both Mg2+- and Na+-ATPases are insensitive to
1 mM ouabain. The difference in activity obtained in the presence of
Mg2+, Na+ and 1 mM ouabain or Mg2+, Na+, K+ and ouabain, and the
activity determined in the presence of Mg2+, Na+ and K+ are
considered to be due to the Na+/K+- ATPase.
2.3. Solubilization of membrane-bound ATPases
Basolateral plasma membranes (1 mg/ml) were solubilized in a
buffer containing 8 mM Hepes, 13 mM imidazole, 150 mM KCl, 2 mM
ATP, 30% glycerol (pH 7.2) and different amounts of either octyl-
glucoside, octaethylene-glycol-monododecyl ether (C12E8) or poly-
oxyethylene-9-lauryl ether (C12E9). After incubation at 4 °C for
30 min, insoluble material was separated by centrifugation at
105,000 x g for 90 min at 4 °C in a 50Ti rotor using a Beckman L2-
65B centrifuge (Beckman Coulter, Inc., Fullerton, CA, USA). Superna-
tant was removed and used as a source of solubilized Na+-ATPase.
Phenyl-methylsulfonyl ﬂuoride and a protease-inhibitor cocktail
(leupeptin, pepstatin and aprotinin) were added to the suspension
during the solubilization step.
2.4. Na+/K+-ATPase puriﬁcation
Na+/K+-ATPase from guinea-pig renal medulla was puriﬁed, using
sodium-dodecyl-sulfate (SDS) as detergent, in a discontinuous
sucrose gradient as described [23]. Puriﬁed enzyme was resuspended
in 10% sucrose, 25 mM imidazole and 1 mM EDTA, at pH 7.5 and
stored at −70 °C.
2.5. Continuous sucrose gradient
Solubilized plasma membranes, suspended in a buffer containing
8 mMHepes, 13 mM imidazole, 150 KCl and 0.01% C12E9, were loaded
onto a 10–35% sucrose gradient, which was centrifuged for 16 h at
105,000 x g at 4 °C in a Beckman L2-65B ultracentrifuge, using aBeckman 60Ti rotor. Fractions (1 ml) were collected from bottom to
top and analyzed for protein and Na+- and Na+/K+-ATPase activities.
Fractions with ATPase activities were concentrated using YM-50
Centricon concentrator and stored at 4 °C before use.
2.6. Gel ﬁltration chromatography
Supernatant, containing soluble proteins, was applied to a column
of Sepharose 6B (2 cm×90 cm) from Sigma-Aldrich (Saint Louis, MO,
USA) equilibrated and eluted at 4 °C with a buffer containing 8 mM
Hepes, 13 mM imidazole, 150 mM KCl, 10% glycerol (pH 7.2) and
0.01% C12E9, at a ﬂow rate of 15 cm/h. Fractions (2 ml) were collected
using a Beckman Fraction Recovery A system and analyzed for protein
and ATPases. The fractions showing ATPase activity were pooled,
concentrated in a YM-50 Centricon concentrator to 1 mg/ml and
stored at −70 °C.
2.7. Concanavalin A–Sepharose afﬁnity chromatography
Fractions with ATPase activity, obtained from the Sepharose 6B
column, were pooled and applied to a concanavalin A–Sepharose
column from Sigma-Aldrich (1.2×8 cm) equilibrated with a buffer
containing 8 mM Hepes, 13 mM imidazole, 150 mM KCl and 0.01%
C12E9 (pH 7.2). The columnwaswashedwith 60 ml of the same buffer.
Bounded protein was eluted with 30 ml of 8 mM Hepes, 13 mM
imidazole, 150 mM KCl, 10% glycerol (pH 7.2) buffer containing 0.5 M
glucose. Eluted fractions (2 ml) were assayed for protein and ATPase
activities. Fractions containing Na+-ATPase activity were pooled and
concentrated using a YM-50 Centricon concentrator.
2.8. Q-Sepharose ion exchange chromatography
Fractions with Na+-ATPase activity, obtained from the concanav-
alin A-sepharose 6B column, were pooled, brought up to 20 mM NaCl
and loaded on a Q-sepharose Fast Flow column from Amersham
Biosciences (0.5 cm×1 cm) pre-equilibrated with 5 ml of start buffer
(8 mM Hepes, 13 mM imidazole, 20 mM NaCl, 10% glycerol and 0.01%
C12E9). Proteins were eluted with equilibration buffer, followed by a
linear salt gradient (20 mM–500 mM NaCl). Fractions (1 ml) were
collected at a ﬂow rate of 1 ml/min and were assayed for protein and
ATPase activities. Under these conditions, most of the Na+-ATPase
activity was eluted with 20 mM NaCl buffer.
2.9. SDS-PAGE
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) was performed as described [24]. Samples (10–20 μg) were
resuspended in 25 μl of 60 mM Tris–HCl, 25% glycerol, 2% SDS,
14.4 mM 2-mercaptoethanol and 0.1% bromophenol blue, heated at
65 °C for 2 min, centrifuged for 1 min at 14,000 x g and loaded on a
10% separating gel. Samples were run at 100 mV and gel was stained
with Coomassie blue R-250.
2.10. Non-denaturant PAGE
Polyacrylamide gel electrophoresis under non-denaturant condi-
tions was carried out as described [25]. Brieﬂy, samples (10 μg) were
loaded onto a discontinuous 10% PAGE at pH 8.8 and room
temperature. Samples were run at 120 mV and gel was stained with
Coomassie blue R-250.
2.11. Two-dimensional electrophoresis
Puriﬁed enzyme (300–500 μg) was precipitated with acetone at
−20 °C and centrifuged at 14,000 x g for 5 min, and the pellet was
resuspended in 185 μl of re-hydration buffer (7 Murea, 2 M thiourea, 4%
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CA,USA], 0.001%bromophenol blue). An11-cm-long IPGstrip (pH3–10,
fromBioRAD)was re-hydratedwith theprotein overnight at 20 °C. Each
strip was overlaid with 3 ml of mineral oil to prevent evaporation. The
strip was placed on a Protean® IEF cell at 20 °C and electrophoresed in
three steps: 1250 V for 20 min (linear ramp); 28,000 V for 2.5 h (linear
ramp) and 38,000V at 20,000 V/h (rapid ramp), reaching30,000 V/h for
a period of 5.3 h. After IEF, the strip was removed, drained of oil and
thawed at room temperature for 15 min, equilibrated with 4 ml of
equilibration buffer I (6 M Urea, 2% SDS, 50 mM Tris–HCl (pH8.8), 30%
glycerol, 2% DTT) followed by Equilibration buffer II (6 M urea, 2% SDS,
50 mM Tris–HCl (pH8.8), 30% glycerol, 2.5% Iodoacetamide) for 10 min
each. The stripwas placed on the top of a 4–20% gradient SDS-PAGE and
run at 200 V, as indicated above. The gel was stained with Coomassie
blue R-250. Protein bands of interest were immediately cut for tandem
mass spectrometry analysis.
2.12. Tandem mass spectrometry
Tandemmass spectrometry was performed as a service at TheW.M.
Keck Biomedical Mass Spectrometry Laboratory and The University of
Virginia Biomedical Research Facility. Trypsin-digested peptides were
extracted from the polyacrylamidewith 50% acetonitrile/5% formic acid
and analyzed by mass spectrometry. The LC-MS system consisted of a
Finnigan LTQ-FTmass spectrometer systemwitha Protonnanospray ion
source interfaced to a self-packed 8 cm×75 μm id Phenomenex Jupiter
10 μm C18 reversed-phase capillary column. Samples (0.5–5 μl) of the
extract were injected and the peptides were eluted from the column by
an acetonitrile/0.1 M acetic acid gradient at a ﬂow rate of 0.25 μl/min.
The nanospray ion source was operated at 2.8 kV. The digest was
analyzed to determine peptide molecular weights and product ion
spectra to determine amino acid sequence in sequential scans. Data
were analyzed by database searching using the Sequest search
algorithm.
2.13. IgY polyclonal antibodies preparation
Hens were immunized as described [26]. Puriﬁed Na+-ATPase,
coming from anionic exchange chromatography, and SDS-puriﬁed
Na+/K+-ATPasewere used for immunization. Initial injection, 50 μg of
puriﬁed ATPases, was diluted in 0.2 ml of 0.01 M phosphate-buffer
saline solution (pH 7.4) and emulsiﬁed with an equal volume (0.2 ml)
of Freund's complete adjuvant. Four hybrid hens were intramuscu-
larly injected with 0.4 ml of the emulsion in the pectoral (right and
left) and both leg muscles. Additional immunizations were performed
at 7, 21, 31 and 60 days after that initial injection, using Freund's
incomplete adjuvant. Eggs were collected daily, labeled and stored at
4 °C. IgY extraction and puriﬁcation from Egg Yolk were performed
using EGGstract®-IgY Puriﬁcation Kit (Promega, Madison, WI, USA),
following manufacturer indications. IgY puriﬁcation was evaluated by
SDS-PAGE under non-reducing conditions. Pre-immune IgY antibo-
dies were isolated of eggs collected before the immunization
procedure from each hen and used as controls.
2.14. Immunoblot
Puriﬁed Na+- and Na+/K+-ATPases from epithelial or MDCK cell
homogenates were subjected to SDS/PAGE. Separated proteins were
electrotransferred to a 0.45 μmnitrocellulose ﬁlter (BioRAD) and then
incubated with anti-Na+/K+-ATPase or anti-Na+-ATPase polyclonal
chicken IgY antibodies (1:1000 dilution) in 5% non-fat milk and 0.1%
Tween 20 in TBS. The nitrocellulose membrane was exhaustively
washed and then incubated with horseradish peroxidase-conjugated
rabbit anti-IgY (Promega) as secondary antibody (1:500 dilution).
After ﬁnal washes, peroxidase activity was developed using 3,3′
diaminobenzidine (DAB) with ion metal enhancement [27] orWestern Blotting Luminol Reagent (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) as indicated.
2.15. Antibody effect on ATPase activities
Basolateral plasma membranes from small intestine (10 μg at
0.1 mg/ml) were pre-incubated with IgY anti-Na+/K+-ATPase or anti-
Na+-ATPase polyclonal antibodies (1000-fold diluted in reaction
buffer) during 1 h at 4 °C. Then, ATPase assays were performed as
described before (Section 2.2).
2.16. Intestinal cell isolation
Small intestinal and colonic epithelial cells were isolated from
guinea-pig as previously reported [28–30].
2.17. RNA isolation and cDNA synthesis
Total RNA was prepared from epithelial cells using 1 ml Trizol
Reagent (Invitrogen Corporation, Carlsbad, CA, USA) per 7.5×106
cells. Poly(A)+-RNA was puriﬁed by oligo(dT)-cellulose chromatog-
raphy, as described [31]. Single-strand cDNA was synthesized from
3 μg of total RNA or 0.5 μg of Poly(A)+-RNA, using oligo(dT)20 and the
ThermoScript RT-PCR System (Invitrogen).
2.18. Primer design and PCR ampliﬁcation of ATPase cDNAs
Three degenerate primers were designed from the three peptides,
identiﬁed bymass spectrometry, which are present in theα-subunits of
both Na+- and Na+/K+-ATPases. External sense (F1P: 5′-AAYATGGTIC-
CICARCARGC-3′), internal sense (F2P: 5′-GAYTTYACIAAYGARAAYCC-
3′) and common anti-sense (RP: 5′-GGRTTIACYTG[IGA/RCT]IACIGG-3′)
primers were designed from Peptide-1 (NMVPQQALVIR), Peptide-2
(SPDFTNENPLETR) and Peptide-3 (LNIPVSQVNPR), respectively (see
Figs. 6A and 8). These oligonucleotides were synthesized by Invitrogen.
To amplify the cDNA of the α-subunit of both Na+- and Na+/K+-
ATPases, successive RT-PCR and heminested-PCR were carried out. HiFi
Platinum Taq DNA Polymerase (Invitrogen) was used in a GeneCycler
(BioRAD). RT-PCR was carried out using 2 μl of synthesized cDNA as
template and 200 nM/oligonucleotide of primers F1P and RP. Cycling
parameters were 94 °C for 2 min; followed by 5 cycles of 94 °C for 90 s,
57 °C for 2 min and 68 °C for 4 min, followed by 35 cycles of 94 °C for
90 s, 62 °C for 2 min and 68 °C for 4 min; and a ﬁnal step of 68 °C for
10 min. Heminested-PCR was performed employing 1 μl of a 1:1000
dilution of the RT-PCR product as template and 200 nM/oligonucleotide
of F2P and RP as primers. Cycling parameters were 94 °C for 2 min,
followed by 25 cycles of 94 °C for 90 s, 45 °C for 3 min and 68 °C for
4 min with a ﬁnal period of 68 °C for 10 min.
2.19. Purifying, cloning and sequencing of PCR products
PCR products were analyzed by 1% agarose gel electrophoresis. DNA
fragments from heminested-PCR products were puriﬁed from agarose
gel with the Wizard PCR Preps DNA Puriﬁcation Kit (Promega) and
cloned into a pCRII-TOPO vector (Invitrogen). Plasmids were isolated
using Wizard Plus SV Minipreps DNA Puriﬁcation System (Promega).
Manufacturer instructions were followed. The DNA inserts were
sequenced by Macrogen Corporation (Rockville, MD, USA) employing
M13F and M13R-pUC universal primers. Sequences were veriﬁed with
internal primers designed from them.
2.20. Identiﬁcation of the Na+-ATPase and its cDNA in MDCK cells
MDCK cell (Madin–Darby canine kidney cells, from American Type
Culture Collection) monolayer at 100% conﬂuence was processed.
Total RNA isolation, RT-PCR, heminested-PCR, purifying, cloning and
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for epithelial cells. To determine the Na+-ATPase activity in MDCK
cells, they were homogenized in cold solution A (250 mM sucrose,
20 mM Tris–HCl pH 7.2, 1 mM EDTA and 1 mM PMSF) and then
centrifuged at 5000 x g for 10 min at 4 °C. Supernatant was
ultracentrifuged at 100,000 x g for 1 h at 4 °C. The pellet, containing
the microsomal fraction, was resuspended in 500 μl of solution B
(20 mM Tris–HCl pH 7.25 and 1 mM PMSF) and the ATPase activities
were immediately determined as described above (Section 2.2).
2.21. Design of speciﬁc siRNAs
Speciﬁc small interference RNAs (siRNAs) were designed against
the cDNA fragments cloned here from MDCK cells (Supplementary
Fig. 3C) as recommended [32] and synthesized by Dharmacon
Research (Lafayette, CO, USA). The atna siRNA, speciﬁc for the
putative canine Na+-ATPase α-subunit cDNA (atna cDNA,
EF489486.1 GI:170524491), recognizes the junction between the X
and Z segments of this cDNA, junction that is absent in the atp1a1
cDNA (Supplementary Fig. 3C). In contrast, atp1a1 siRNA recognizes
the junction between the Y and Z segments of the canine atp1a1
fragment (EF489485.1 GI:170524489), which is absent in the atna
cDNA.
2.22. Transfection of MDCK cells with siRNAs
MDCKcellswere cultured at 200,000 cells/ml inDMEMwith 10% FBS
in 25 cm2 Falcon culture ﬂask, at 37 °C in a 5200 Narco Incubator. After
20 h, the monolayer reached 30–35% conﬂuence and was then washed
twice with 2 ml of Opti-MEM supplemented with 2 mM CaCl2 (Opti-
MEM-Ca), without serum nor antibodies. Cells were transfected in
6.25 ml of Opti-MEM-Cawith 100 nMof the respective synthetic siRNA
oligo, employing 0.2% Lipofectamine-2000 as transfection agent.
Irrelevant scrambled siRNA and vehicle (RNA dilution buffer) were
used as negative controls. Transfected cells (viability higher than 95%)
were incubated at 37 °C for 72 h and then processed for analysis or re-
cultured in Dulbecco's medium for an additional 72 h to evaluate cell
survival. ATPasemRNA expressionwas determined byRT-PCR and qRT-
PCR. Protein expression of the Na+-ATPase (α and β subunits) was
determined by immunoblot using speciﬁc IgY polyclonal antibodies
(Section 2.13). ATPase activities were measured as described before
(Section 2.2). Cell viability was determined by trypan blue exclusion.
2.23. Speciﬁc RT-PCRs for the atna and atp1a1 mRNAs
The mRNA expression of the putative Na+-ATPase α-subunit
(atna) and the Na+/K+-ATPase α1-isoform (atp1a1) was determined
by speciﬁc RT-PCRs and qRT-PCRs. As shown in Supplementary
Fig. 3C, the sense primer speciﬁc for atna (NaS: 5′-CTGCCTATCCT-
TAAGCTGTCCA-3′) recognizes the junction between the X and Z
segments of its cDNA. The sense primer speciﬁc for atp1a1 (NaKS: 5′-
CTGCCTATCCTTAAGCGGGCAG-3′) recognizes the junction between
the X and Y segments of its cDNA. A common anti-sense primer (CAS:
5′-TCAAAGGACTTCCCAAGGTCAAACTGTG) recognizes the homologue
region of both cDNAs, into the Z-segment. RT-PCR and qRT-PCR used
400 nM of NaS and CAS primers for atna and 200 nM of NaKS and CAS
primers for atp1a1. RT-PCRs were performed with Platinum Taq DNA
Polymerase. Cycling parameters were: 94 °C for 2 min; followed by 32
cycles at 94 °C for 1 min, 55 °C for 1 min and 68 °C for 1 min; and then
followed by 68 °C for 10 min. The qRT-PCRs were performed using
Master Mix SYBR (Finnzymes Oy, Keilaranta, Espoo, Finland) in a
Chromo4 Real Time PCR thermal cycler (MJ Research, Waltham, MA,
USA). Cycling parameters were: 94 °C for 15 min; followed by 40
cycles of 94 °C for 10 s, 55 °C for 30 s, 72 °C for 30 s and 80 °C (for
atna) or 82 °C (for atp1a1) for 1 s then read. After an additional
incubation at 72 °C for 10 min, the half-melting temperature (Tm) foreach product was estimated. Ten-fold serial dilutions weremade from
cloned PCR products and used as standards. The RT-PCR and qRT-PCR
products were analyzed by 2% agarose gel electrophoresis to verify the
ampliﬁcation speciﬁcity.
2.24. RNA ligase-mediated rapid ampliﬁcation of 5′ and 3′ cDNA ends
To amplify the 5′- and 3′-ends of both atna and atp1a1mRNAs, RNA
Ligase-Mediated Rapid Ampliﬁcation of cDNA Ends (RLM-RACE) was
carried out employing GeneRACER Kit (Invitrogen) and gene-speciﬁc
primers designed from the partial cDNA sequences (see Fig. 8).
Manufacturer recommendations were followed. Single-strand cDNAs
(RACE templates)with5′ and3′ adaptorsweregenerated andemployed
as substrate (1 μl) in the reactions for Rapid Ampliﬁcation of 5′ and 3′
cDNA ends (5′RACE and 3′RACE, respectively). The 5′RACE was carried
out in three successive touchdown PCRs, employing gene-speciﬁc
reverse primers with forward GeneRacer 5′ primer or GeneRacer 5′
nested-primer (GR5P or GR5NP, respectively), as follow: ﬁrst PCR
utilized primers R5R1 (5′-GTGTCAAACTGGAACCCTTCGGGAAACT-3′)
and GR5P; second-PCR round employed primer GR5P combined with
speciﬁc primer for atna (R5R2S: 5′-TTATGAATGGACAACTTAAGAA-3′)
or atp1a1 (R5R2K: 5′-TTATGAATGGACAACTGATACT-3′); and third-PCR
round used primers R5R3 (5′-GCGGTCCCCAGTGTACACAACAATG-3′)
andGR5NP. Similarly, 3′RACEwas done in three successive touchdown-
PCRs, employing gene-speciﬁc forward primers with the reverse
GeneRacer 3′ Primer or GeneRacer 3′ nested primer (GR3P or GR3NP,
respectively), as follows: ﬁrst PCR utilized primers R3F1 (5′-GAATTGC-
TACCCTGGCTTCTGGACTAGA-3′) and GR3P; second PCR round
employed primer GR3P combined with speciﬁc primer for atna
(R3F2S: 5′-GTACCTATTCTTAAGTTGTCCA-3′) or atp1a1 (R3F2K: 5′-
GTACCTATTCTTAAGCGGGCAG-3′); and third-PCR round used primers
R3F3 (5′-TGGGCATCATCTCAGAGGGCAATGA-3′) and GR3NP. The suc-
cessive PCRs used as template 1 μl of 1000-fold diluted previous PCR
product. All PCRswere performed in a ﬁnal volume of 25 μl with 1XHiFi
PCR Buffer, 2.32 mM MgSO4, 400 nM of each primer, 400 μM of each
dNTP and 1.25 units of HiFi Platinum Taq DNA Polymerase, using a
GeneCycler as thermocycler. Cycling parameters were 94 °C for 2 min;
followed by 5 high-stringency cycles of 94 °C for 1 min, 68 °C for 3 min;
followed by 35 medium-stringency cycles of 94 °C for 1 min, 60 °C for
1 min and 68 °C for 3 min; and a ﬁnal step of 68 °C for 10 min.
2.25. DNA sequence analysis
Sequences were analyzed and assembled through Vector NTI Suite
8.0 software (Invitrogen). All analyzed sequences have optimal Q16
values. Assembled DNA sequences were compared with GenBank
database through “blastn” and “blastx” programs (http://blast.ncbi.
nlm.nih.gov/Blast.cgi; 08/01/2010) and matched with Cavia porcellus
genome through ENSEMBL Genome database (http://www.ensembl.
org/index.html; 08/01/2010). Sequence analysis was carried out
through several software tools from NCBI (http://www.ncbi.nlm.nih.
gov/Tools/; 08/01/2010), EXPASY (http://us.expasy.org/tools/dna.
html; 08/01/2010), 123Genomics (http://www.123genomics.com/
analysis.html; 08/01/2010), Membrane Protein Explorer 3.2 (http://
blanco.biomol.uci.edu/mpex/; 01/13/2011) and Softberry (http://
linux1.softberry.com/berry.phtml; 08/01/2010). Thus, nucleotide
translation (Translate and ORF Finder), hydropathy proﬁle (TMpred
and MPEx), transmembrane segment prediction (DAS and MPEx),
protein pI/MW calculation (Compute pI/MW), promoter and tran-
scriptional factor searching (Promotor Scan and TFsearch) and 3D-
modelling (CPHmodels) were performed.
2.26. Synthesis and labeling of DNA probe
DNA probes, speciﬁc for atna or atp1a1 mRNAs (EF489487.2 GI:
283442232 and EF489488.2 GI: 283442234, respectively), were
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directed to 3′-end of each mRNA (see Fig. 8) and the plasmid with the
respective cloned 3′RACE-fragment, as template, were employed
for probe ampliﬁcation. Primers for the atna were ATNAF (5′-
GATAGCAGGTTTTGATGAGTTTAAG-3′) and ATNAR (5′- TGATCT-
TAAGTTTGAACACCAACTC-3′), while primers for atp1a1 were
ATP1A1F (5′-GTCACAATCCTCTGCATTGATTT-3′) and ATP1A1R (5′-
GCTGTCTTCCATATCATTGATCC-3′). PCRs were performed in a ﬁnal
volume of 25 μl with 1X HiFi PCR Buffer, 2.32 mM MgSO4, 200 nM of
each primer, 400 μM of each dNTP, 100 ng of respective plasmid and 1
unit of HiFi Platinum Taq DNA Polymerase. Cycling parameters were
94 °C for 2 min; followed by 30 cycles of 94 °C for 1 min, 60 °C for 1 min
and 68 °C for 1 min; and a ﬁnal step of 68 °C for 10 min. DNA probes
were random-primed labeled with 3000 Ci/mmol of [33P]-α-dCTP
(Amersham, Aylesbury, UK) by means of DECAprime II Kit (Ambion,
Austin, TX, USA). Labeled probes were puriﬁed from non-incorporated
radiolabeled nucleotides through NucAway Spin Columns (Ambion)
and immediately employed in Northern blot assays. Speciﬁc activities
were over than 109 cpm/μg. Manufacturer indications were followed.
2.27. Northern blotting
Northern blot was carried out using NorthernMax Kit (Ambion)
andmanufacturer indicationswere followed. Total RNA of enterocytes
and colonocytes (5 μg/lane) was loaded. Radiolabeled probes were
diluted 10-fold with 10 mM EDTA, denatured at 90 °C for 10 min,
quickly cooled, brieﬂy centrifuged, and mixed with 500 μl of
ULTRAhyb Buffer (preheated at 42 °C). Immediately, probe-contain-
ingmixture was added to the blot prehybridized at 42 °C in ULTRAhyb
Buffer and then incubated at 42 °C for 20 h. After exhaustive washes,
radiolabeled blots were sealed in plastic wrap and exposed to X-ray
ﬁlm for autoradiography during 72 h.
2.28. Protein determination
Membrane protein was determined as described [33], with bovine
serum albumin as standard.
2.29. Statistics
Results are presented as the means±SEM. The difference between
means was evaluated by analysis of variance and considered
signiﬁcant at pb0.05. Adjustment of functions to experimental values
was carried out by nonlinear regression (Marquandt–Levenberg
algorithm) using a commercial program (Origin 5.0, Microcal
software, Inc., Northampton, MA, USA). The X2 (Chi-squared) and
the R2 (correlation coefﬁcient) parameters are given for each ﬁtting
procedure.
2.30. Database report
GenBank accession number for: Na+-ATPase α-subunit (atna) of
Cavia porcellus (EF489487.2, GI:283442232) and Canis lupus familiaris
(EF489486.1, GI:170524491); Na+/K+-ATPase α1-isoform (atp1a1)
for C. porcellus (EF489488.2, GI:283442234) and C. lupus familiaris
(EF489485.1, GI:170524489).
3. Results
3.1. Solubilization of basolateral plasma membrane proteins
The puriﬁcation of membrane proteins requires their extraction
from the native lipid bilayer and solubilization with amphyphylic
molecules as detergents. This process depends on the ionic strength of
the incubation media, enzyme protection with speciﬁc ligands and
particularly on the type of the detergent. Monitoring of enzymaticactivity is essential during the puriﬁcation procedure. Thus, several
detergents and conditions were tested to solubilize and to maintain
active the Na+- and Na+/K+-ATPases present at the basolateral plasma
membrane of enterocytes. Detergents such as SDS, Triton X-100 or
CHAPS totally inactivated the Na+-ATPase and partially the Na+/K+-
ATPase, while octyl-glucoside partially inactivated the Na+-ATPase, but
totally inhibited the Na+/K+-ATPase. These results led us to evaluate
octaethylene-glycol-monododecyl ether (C12E8) or polyoxyethylene-9-
lauryl ether (C12E9), which have been used to solubilize the Na+/K+-
ATPase [34,35]. Treatedmembranes were centrifuged at 105,000 x g for
90 min and the supernatant was evaluated for proteins and ATPase
activities. The highest solubilization level without enzymatic inactiva-
tionwasobtainedwithC12E9 at anoptimal detergent/protein ratio of 1.5
(Fig. 1A). Under this condition, membrane proteins were solubilized
over60%, preservingover70%of theNa+- andNa+/K+-ATPase activities
in the soluble fraction (Fig. 1B and C).
3.2. Separation of the Na+- and Na+/K+-ATPases
Once the Na+- and Na+/K+-ATPases were solubilized in an active
form, their separation was attempted. These ATPases cannot be
separated through sucrose gradient (Fig. 2A) nor exclusion chromatog-
raphyon Sepharose 6B (Fig. 2B), suggesting similarmolecularweight. In
contrast, afﬁnity chromatography on concanavalin A–Sepharose
allowed the physical separation of both ATPases (Fig. 2C). When the
solubilized membrane proteins were loaded onto a concanavalin
A–Sepharose column, protein associated with the Na+-ATPase did
not bind to the matrix, ﬂowing with the loading buffer (without
glucose). In contrast, the Na+/K+-ATPase bound to the column,
only eluted when 0.5 M glucose was added to the elution buffer.
Further puriﬁcation of the fraction containing Na+-ATPase activity
was attempted using anionic exchange chromatography (Fig. 2D).
This procedure permitted further puriﬁcation of the Na+-ATPase
(fraction 1), eliminating contaminant proteins (fractions 2–4), but
the enzyme became partially inactivated, probably due to delipida-
tion. In summary, the Na+-ATPase was enriched over 100-fold with
respect to the initial homogenate (Fig. 2E).
3.3. Characterization of the puriﬁed Na+-ATPase
Fig. 3A presents the ouabain effect on ATPase activity from the
puriﬁed fraction measured in the presence of Mg2+, Mg2+ plus Na+
and Mg2+ plus Na+ plus K+. Magnesium alone induced low ATPase
activity, which was strongly stimulated by Na+-addition, not
modiﬁed by K+ in the presence of Na+ and insensitive to 1 mM
ouabain. The stimulation was speciﬁc for Na+ (Fig. 3B) and
independent of the Na+-accompanying anion (data not shown).
Furosemide, the preferential inhibitor of the Na+-ATPase, inhibited it
with an IC50 of 0.5 mM (Fig. 3C). Vanadate, a speciﬁc P-type ATPase
inhibitor, totally inhibited this ATPase with an IC50 of 9.1 μM (Fig. 3D).
These results conﬁrm that the puriﬁed enzyme is the K+-indepen-
dent, ouabain-insensitive Na+-ATPase.
3.4. Electrophoretical analysis
The different fractions obtained during the isolation procedure of the
Na+-ATPase were evaluated by electrophoresis. Fig. 4A presents the SDS-
PAGE analysis of these fractions. Panel I shows basolateral plasma
membranes before (lane 1) and after solubilization (lane 2); fraction
obtained frommolecular exclusion chromatographywith Na+- and Na+/
K+-ATPase activities (lane 3); non-retained fraction from Con-A afﬁnity
chromatography, containing Na+-ATPase activity (lane 4); and Con-A
retained fractionwith Na+/K+-ATPase activity (lane 5). The fractionwith
Na+-ATPase activity showed a main protein band at 90 kDa and a duplet
band at 50–55 kDa. In addition, two other minor bands at around 65 and
30 kDa were detected. Panel II shows SDS-PAGE of Con-A non-retained
Fig. 1. Solubilization of basolateral plasma membranes of enterocytes with C12E9. (A) Membranes (1 mg/ml) were solubilized in a buffer containing 8 mM Hepes, 13 mM imidazole,
150 mM KCl, 2 mM ATP, 30% glycerol (pH 7.2) with different amounts of polyoxyethylene 9-lauryl ether (C12E9) and centrifuged at 105,000 x g for 90 min. Data are mean±SEM of
protein content and ATPase activities in the supernatant of three independent experiments. Recovery of Na+/K+-ATPase (B) and Na+-ATPase (C) in the soluble and insoluble
fractions after solubilization at optimal C12E9/protein ratio. Results are mean±SEM of three different experiments.
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that only the duplet band of 50–55 kDa was positive for PAS-Shift stain.
When this fraction was run under non-reducing conditions and
Coomassie blue stained (Panel III), only one blunt band was detected,
suggesting subunit association (probably an α/β-complex).
The Na+-ATPase fraction, coming from Con-A afﬁnity chromatog-
raphy, still retains some contaminant proteins that can be eliminated
by anion exchange chromatography (Fig. 4B). SDS-PAGE of the
fractions obtained from ion–exchange chromatography showed that
the only fraction with Na+-ATPase activity (Fig. 2D, fraction 1) is
mainly constituted by subunits of 90 and 50 kDa (Fig. 4B, lane 1).
The puriﬁed Na+-ATPase fraction, from the Con-A afﬁnity chroma-
tography, was evaluated by two dimensional gel electrophoresis
(Fig. 4C). Five deﬁned spots were detected at 90, 65, 55 (two spots)
and 50 kDa. Since theNa+-ATPase activity was associatedwith proteins
of 90 and 50 KDa, the respective spots obtained from 2D-PAGE were
sequenced by tandem mass spectrometry. The peptide analysis of the
90-kDa spot could not recognize any reported protein through Sequest
search algorithm, but identiﬁed three peptides (NMVPQQALVIR,
SPDFTNENPLETR and LNIPVSQVNPR) also present in the Na+/K+-
ATPase α-subunits from several species (Swiss-Prot database). It may
indicate that puriﬁed Na+-ATPase is related with this protein family.
The peptide analysis of the 50-kDa spot did not allow identifying any
peptide, suggesting that subunit could correspond to a new non-
reported protein. In addition, both 90- and 50-kDa spots were
sequenced at N-terminal by Edman method. Only the N-terminal of
the 50-kDa protein could be identiﬁed: SPLEYQD. Sequence searching
programswere unable to relate it with any previously reported protein.
However, it is clear that this peptide segment does not correspond to
any before reported P-type ATPase β-subunit (Swiss-Prot database).Additionally, the absence of Met in the N-terminal of mature protein
supposes that it is previously modiﬁed by peptide cleavage, a usual
covalentmodiﬁcation inmembrane proteins. The 90-kDa subunit could
not be sequenced by Edman method probably due to N-terminal
acetylation, a very frequent post-transcriptional modiﬁcation shown in
mammalianproteins [36,37]. These results suggest that theNa+-ATPase
is a protein complex, constituted by at least two subunits of 90 and
50 kDa.
3.5. Na+- and Na+/K+-ATPases are different antigenic entities
Polyclonal antibodies raised against the puriﬁed Na+- or Na+/K+-
ATPases differentially affect the Na+-stimulated ATPase activities. As
shown in Fig. 5A, IgY polyclonal antibodies against Na+/K+-ATPase
speciﬁcally inhibited the K+-dependent, ouabain-sensitive Na+-ATPase
activity (left columns: Na+/K+-ATPase),without any effect on the other
Na+-ATPase. In contrast, antibodies against puriﬁed Na+-ATPase
signiﬁcantly inhibited the K+-independent, ouabain-insensitive Na+-
ATPase activity (right columns: Na+-ATPase), without any effect on the
Na+/K+-ATPase. Any possible antibody cross-reactivity between the
puriﬁedNa+- and Na+/K+-ATPases was also evaluated byWestern blot
(Fig. 5B). IgY polyclonal antibodies raised against Na+-ATPase recog-
nized two main polypeptides of 90 and 50 kDa in the puriﬁed Na+-
ATPase fromconcanavalinA afﬁnity chromatography(left panel, lane c),
but did not identiﬁed any high molecular weight protein band (around
70 and 200 kDa) in the puriﬁed Na+/K+-ATPase (left panel, lane b). In
contrast, polyclonal antibodies against Na+/K+-ATPase recognized it as
anheterodimer of 110 and60 kDa (rightpanel, lane b), but didnot show
any reactivity against the puriﬁed Na+-ATPase (right panel, lane c).
Similar results were obtained when commercial polyclonal IgG2
Fig. 2. Separation of Na+- and Na+/K+-ATPases. (A) Continuous sucrose gradient. Solubilized membrane proteins were run on a 10-35% sucrose gradient. Fractions (1 ml) were
collected from bottom to top. (B) Exclusion chromatography. Soluble membrane proteins were applied to a Sepharose 6-B column. Fractions (2 ml) were collected. (C) Afﬁnity
chromatography. Fractions with ATPase activity obtained from Sepharose 6B columnwere pooled and applied to a concanavalin A–Sepharose column (1.2×8 cm). Retained proteins
were eluted with buffer containing 0.5 M glucose. Fractions (2 ml) eluted from concanavalin A–Sepharose were collected. (D) Ion exchange chromatography. Fractions with Na+-
ATPase activity obtained from concanavalin A–Sepharose 6B column were pooled, brought up to 20 mM NaCl and loaded on a Q-sepharose Fast Flow (0.5 cm×1 cm). Proteins were
eluted with the equilibration buffer, followed by a linear salt gradient (20–500 mM NaCl). Fractions (1 ml) were collected at a ﬂow rate of 1 ml/min. All fractions obtained from the
different centrifugation and chromatography methods were assayed for protein and ATPase activities. (E) Na+-ATPase activity in different fractions of the puriﬁcation procedure.
Data are mean±SEM of three different experiments.
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not shown). The raised IgY polyclonal antibodies present certain degree
of unspeciﬁcity, indicated by the recognition of several bands in
basolateral membranes; however, the obtained results conﬁrm that
the Na+- and the Na+/K+-ATPases are different antigenic entities.3.6. Partial cloning of the Na+-ATPase α-subunit
The identiﬁcation of three peptides in the puriﬁed Na+-ATPase,
also present in the most isoforms of the Na+/K+-ATPase, and the
knowledge of their relative position in the primary structure for the
Fig. 3. Characterization of the Na+-ATPase. (A) Effect of Mg2+, Na+, K+ and ouabain on the ATPase activities present in the puriﬁed Na+-ATPase fraction obtained from concanavalin
A chromatography. Incubation medium: 50–150 mM Tris–HCl (pH 7) 5 mMMgCl2, 100 mM NaCl, 20 mM KCl, 1 mM ouabain, 2.5 mM ATP. Values are mean±SEM of four different
preparations. (B) Effect of different cations at 100 mM on the Mg2+-ATPase activity of the puriﬁed Na+-ATPase. Results are mean±SEM of three experiments. (C) Effect of
furosemide on the Na+-stimulated ATPase activity of the puriﬁed enzyme. Data are mean±SEM of ﬁve independent preparations. (D) Effect of vanadate added to the incubation
medium on the Na+-stimulated ATPase activity of the puriﬁed enzyme. Values are mean±SEM of ﬁve different experiments.
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both ATPases. Thus, degenerate primers were designed from these
peptides (Fig. 6A) and employed in successive RT- and heminested-
PCRs, using RNA samples from enterocytes and colonocytes.
The electrophoretical analysis of RT-PCR and heminested-PCR
products in agarose gel is shown in Fig. 6B. Several cDNA bands were
detected by RT-PCR. As expected, only two main bands were re-
ampliﬁed by heminested-PCR in both intestinal cell types. A cDNA
fragment of 1283 bp was cloned from the upper band from
enterocytes and colonocytes (Fig. 6B, indicated as a and b, respec-
tively), whilst a second cDNA fragment of 1148 bp was cloned from
the lower band of both cellular types (Fig. 6B, indicated as c and d).
Sequence analysis demonstrates that the 1283-bp fragment matches
in 845 bp with the guinea-pig Na+/K+-ATPase α1-subunit partial
cDNA (atp1a1; EF489488.2), previously reported [38]. The 1148-bp
fragment matches in 710 bp with the previously reported guinea-pig
atna partial cDNA (GI: EF489487) [38]. Thus, 1283- and 1148-bp
fragments seem to correspond with atp1a1 and atna cDNAs,
respectively.
3.7. Ampliﬁcation of 5′ and 3′ ends of atna and atp1a1 cDNAs by
RLM-RACE
The alignment of atp1a1 and atna fragments (Fig. 6C) showed that
they share two homologous segments (X and Z), which are separated
in the atp1a1 cDNA by an exclusive segment of 135 bp (Y). This fact
permitted us to design speciﬁc primers to complete the respectivecDNA sequences (see Section 2.24 and Fig. 8) by rapid ampliﬁcation of
cDNA ends (RACE). Thus, 5′ and 3′ cDNA ends were ampliﬁed by 5′
RACE and 3′RACE, respectively. Three successive PCRs were carried
out in both procedures to enhance the speciﬁcity and sensibility. Due
to the similarity between these two cDNA fragments, the ﬁrst and
third PCRs were carried out using common primers to atna and
atp1a1, but the second PCRs were performed with speciﬁc primers for
each cDNA, determining the ampliﬁcation procedure speciﬁcity.
Fig. 7A shows the electrophoretical analysis of 5′RACE products.
After three PCR rounds only one DNA band was detected for each
cDNA. Thus, cDNA fragments of 949 and 1020 bp were generated,
which include 30 bp of 5′RACE adaptor and the corresponding 5′-ends
of atna (919 bp) and atp1a1 (990 bp) cDNAs, respectively. Fig. 7B
shows the electrophoretical analysis of 3′RACE products. Fragments of
951 and 1559 bp were re-ampliﬁed after three PCR rounds, which
include 47 bp of 3′RACE adaptor and the corresponding 3′-ends of
atna (904 bp) and atp1a1 (1512 bp) cDNAs, respectively. Thus, the
sequences of atna and atp1a1 cDNAs could be completely assembled
(Fig. 7C and D, respectively).
As shown in Figs. 7C and 8, the complete atna cDNA is 2787-bp long
and has a unique open reading frame in +2 (ORF) of 2436 bases that
codes for 811 amino acids. The 5′-untranslated region (5′-UTR) has 163
bases, while its 3′-untranslated region (3′-UTR) is 188-base long and
includes a polyA-signal and polyA-site. This amino acid sequence
includes the nine P-typeATPase structuralmotifs and the three peptides
identiﬁed by tandem MS (Fig. 8). Analysis of amino acid sequences,
using EXPASY-tools, estimated a proteinmolecularweight of 88,940 Da,
Fig. 4. Electrophoretical analysis of Na+-ATPase puriﬁcation. (A) PAGE of different stages in the puriﬁcation of the Na+-ATPase. Panel I: SDS-PAGE. Samples (15 μg) were run at
100 mV and stained with Coomassie blue R-250. Lanes 1–5: (1) Basolateral membrane fraction; (2) Soluble membrane fraction; (3) Fraction from sucrose gradient with ATPase
activities; (4) Fraction from Con-A afﬁnity chromatography with Na+-ATPase activity; (5) Con-A-retained fraction. Panel II: SDS-PAGE of non-retained fraction, with Na+-ATPase
activity, stained for glycoproteins Con-A afﬁnity. Panel III: Fraction from Con-A afﬁnity chromatography with Na+-ATPase activity (10 μg) were run onto 10% non-denaturant PAGE
as described inMaterials andmethods, Section 2.10. (B) SDS-PAGE of anionic exchange chromatography fractions. Proteins eluted from the ion exchange columnwere pooled in four
fractions (1–4), corresponding to each protein peak (see Fig. 2D), precipitated, resuspended in SDS-PAGE sample buffer and run in a 10% polyacrylamide gel at 100 mV, as indicated
in Materials and methods. The gel was stained with Coomassie blue R-250. (C) Two-dimension electrophoresis. Puriﬁed Na+-ATPase (300 μg), coming from Con-A-chromatography,
was transferred to an 11-cm long IPG strip (pH 3–10) and electrophoresed in a Protean® IEF cell as indicated in Materials and methods. After IEF, the IPG strip was run on a 4–20%
gradient SDS-PAGE at 200 V. The gel was stained with Coomassie blue R-250. Bands and spots of 90- and 50-kDa are indicated as Greek letters “α” and “β,” respectively.
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transmembrane domains with cytosolic N- and C-terminal ends
(Supplementary Fig. 1A).
The atp1a1 cDNA has 3601 bp and a unique ORF in +1 with 3075
bases that encode 1024 amino acids (Fig. 7D). The 5′-UTR and 3′-UTR
are constituted by 195 and 331 bases, respectively, broadly differing
with the atna cDNA ends. The estimated molecular weight for the
atp1a1 protein was 113,002 Da, with a pI of 5.35 and 10 transmem-
brane domains.
Sequence alignment by ClustalW showed that atna and atp1a1
cDNAs have 63% of identity (nucleotide alignment not shown), while
their encoded proteins show 64% of identity and 72% of homology
(Supplementary Fig. 1B). Phylogenetic analysis located both ATPases
into subtype II-C of P-type ATPase (data not shown).3.8. Identiﬁcation of atna and atp1a1 mRNAs by northern blotting
Once 3′-ends were identiﬁed, Northern blot assays were performed
with highly speciﬁc radiolabeled DNA probes, target to the 3′-end ofeach cDNA. Results are shown in Fig. 9. The atna probe clearly identiﬁed
only one RNA band of around 2.8 kb, in both enterocytes and
colonocytes. Similarly, atp1a1 probe recognized only one RNA band of
around 3.6 kb, in both cellular types. Thus, the co-existence and size of
atna and atp1a1mRNAs were corroborated.3.9. Genomic DNA sequence analysis
The exons for both cDNAs were identiﬁed in guinea-pig genomic
DNA using ENSEMBL database. Exons of atp1a1 and atna are located in
the same atp1a1 gene locus, as shown in Supplementary Fig. 2A. The
atna cDNA is constituted by 18 exons, having ﬁve independent exons:
two located at 5′-end (1st and 2nd, respectively, denoted as A and B)
and three located at 3′-end (16th–18th, respectively, denoted as C–E),
but shares 13 exons (3rd-15th) with atp1a1 cDNA (exons 5th–10th
and 12th–18th). Guinea-pig genomic DNA searching showed that the
transcription initiation sites for atna and atp1a1mRNAs are separated
by 8407 bases, while the last exon of atna (denoted as E) ﬁnishes 4338
bases downstreamwith respect to the last exon of atp1a1 (denoted as
Fig. 5. Recognition of puriﬁedNa+- andNa+/K+-ATPases bypolyclonal antibodies. (A) Antibodies effect onATPase activities. Basolateral plasmamembranes fromsmall intestine (10 μg at
0.1 mg/ml)werepre-incubatedwith IgY anti-Na+/K+-ATPase or anti-Na+-ATPase polyclonal antibodies (1000-folddiluted in reactionbuffer) during1 h at 4 °C. Then, ATPase assayswere
performed as described before (Section 2.2). Values are mean±SEM of three different experiments. (B) Immunoblot. Puriﬁed Na+- and Na+/K+-ATPases (20 μg) were subjected to SDS/
PAGE. Separated proteins were electrotransferred to nitrocellulose and then blocked with non-fat milk (5%) with 0.1% Tween 20 in TBS. Chicken IgY anti-Na+/K+-ATPase or anti-Na+-
ATPase polyclonal antibodies (1:1000 dilution) were used as primary antibodies. Nitrocellulose membranes were incubated with horseradish peroxidase-conjugated rabbit anti-IgY as
secondary antibody. Peroxidase activitywasdevelopedwithWesternBlotting Luminol Reagent as described inMaterials andmethods (Section 2.14). Basolateral plasmamembranes from
small intestine (a), puriﬁed Na+/K+-ATPase (b) and puriﬁed Na+-ATPase (c) were analyzed.
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independent putative promoters for atna (Supplementary Fig. 2B) and
atp1a1 (Supplementary Fig. 2C). The putative atna promoter has one
TATA-box (from −40 to −35) and two overlapped initiators: Lyf-1
and Ik2 (from −10 to +2). In addition, some transcription factor
elements were identiﬁed, including four heat shock factor sequences
(HSF; from−247 to−74). In contrast, putative atp1a1 promoter has
both GC and TATA boxes, but lacks initiators. This promoter region
includes other transcription factor elements (sp1, AP-2, AP-4 and
CREB). Therefore, atna and atp1a1 mRNA precursors seem to be
independently transcribed from their own promoters and induced by
particular factors.
3.10. siRNA interference of atna and atp1a1 mRNAs
To correlate the atna cDNA with the Na+-ATPase, RNA interference
experimentswere carried out. This procedure requires a cellular lineage
that expresses theouabain-insensitiveNa+-ATPase and its putative atna
cDNA. In addition, these cells have to be susceptible for siRNA
transfection. Therefore, the expression of Na+-ATPase activity and its
putative cDNA was explored in several cell lines (data not shown).
Microsomal fraction of MDCK cells has a Mg2+-dependent, Na+-
stimulated, K+-independent, ouabain-insensitive, furosemide-inhibita-
ble ATPase activity, compatible with the Na+-ATPase (41.2±1.71 nmol
Pi lib/min/mg of protein), in addition to the ubiquitous Na+/K+-ATPase
(Supplementary Fig. 3A). It coincides with previous report [14].
Furthermore, the putative Na+-ATPase (atna) and the Na+/K+-ATPase
α1-subunit (atp1a1) cDNAs were cloned from MDCK cells (Supple-
mentary Fig. 3B) by the same RT-PCR and heminested-PCR procedures,
described for intestinal epithelial cells. The atna cDNAs fromMDCK and
guinea-pig intestinal cells share 98% identity. Both lack the 135-bp
central segment present in the atp1a1 cDNA. Thus, MDCK cells express
Na+-ATPase activity and atna cDNA.
Supplementary Fig. 3B shows the strategy used to design the
siRNAs against the putative Na+- or the Na+/K+-ATPase cDNAs. The
atna siRNA was designed to include the junction of the segments X
and Z, while atp1a1 siRNA was designed to cover the junction of the
segments Y and Z. This strategy guarantees that each siRNA will only
recognize a single target despite the high similarity between these
cDNAs.
The effectiveness and speciﬁcity of the designed siRNAs over atna
and atp1a1mRNAs were evaluated by RT-PCR (Fig. 10A) and qRT-PCR
(Fig. 10B). The atna PCR product (259 bp) was not detectedwhen cellswere treated with atna siRNA, while the atp1a1 (394-bp) and β-actin
(560-bp) PCR products were not affected. In contrast, atp1a1 siRNA
speciﬁcally abolished the atp1a1 PCR product. β-Actin PCR product
expression was homogeneous in the four groups (Fig. 10A).
Quantitative analysis of mRNA expression by qRT-PCR (Fig. 10B)
showed that the atna siRNA speciﬁcally silenced by over 91% the atna
mRNA expression, without effect on atp1a1 mRNA. Additionally, the
atp1a1 siRNA suppressed over 94% the expression of atp1a1 mRNA,
without any reduction on the atna mRNA expression level. These
results demonstrate the effectiveness and speciﬁcity of the silencing
procedure.
Fig. 10C and D presents the effect of the different siRNAs on Na+-
ATPase protein expression, evaluated by immunoblot. The atna siRNA
inhibited over 88% the expression of the α-subunit (90 kDa), without
any effect on the β-subunit (50 kDa) of the enzyme. In addition, Na+-
ATPase activity was speciﬁcally inhibited by about 60% (Fig. 10E). In
contrast, the atp1a1 siRNA inhibited approximately 60% of Na+/K+-
ATPase activity, but neither affected Na+-ATPase protein expression
nor its activity. These results indicate that the speciﬁc interference of
the putative Na+-ATPase mRNA produces a speciﬁc inhibition of the
Na+-ATPase α-subunit, demonstrating that atna cDNA codes for this
enzyme.
4. Discussion
There are biochemical, physiological and pharmacological evi-
dences that demonstrate the existence of the K+-independent Na+-
ATPase as an independent functional entity [1–11,14,20]. Moreover,
the Mg2+ dependence, vanadate sensitivity and phospho-intermedi-
ary formation indicate that it is a P-type ATPase [4–18,40]. However, it
had not been possible to identify any membrane protein or gene
associated with this enzyme.
In this paper, the K+-independent Na+-ATPase and the Na+/K+-
ATPase were solubilized from basolateral plasma membranes of
enterocytes without inactivation using C12E9 (Fig. 1). Once solubiliza-
tion in an active form was achieved, physical separation of these
enzymes was attempted. The use of sucrose gradient and molecular
exclusion chromatography (Sepharose 6-B) did not separate the Na+-
andNa+/K+-ATPases, indicating a similarmolecular size (Fig. 2A andB).
Since afﬁnity chromatography had been used to puriﬁed the Na+/K+-
ATPase [41], we tried to separate themusing concanavalin A–Sepharose
chromatography. The Na+/K+-ATPase was retained into the column,
while the Na+-ATPase was not (Fig. 2C), indicating that both ATPases
Fig. 6. Cloning of Na+-ATPase cDNA from epithelial intestinal cells by degenerate PCR techniques. (A) Primer design scheme. Primers (F1P, F2P and RP) were designed from Peptide
1–3, respectively. Amino acids, from which degenerate primers were designed, are highlighted. F1P (forward) and RP (reverse) primers were employed in RT-PCR. F2P (forward)
and RP (reverse) primers were used in heminested-PCR. On the right, the relative position of the three peptides (blocks) on the Na+/K+-ATPaseα-subunit structural model is shown
in the N- to C-terminal direction. P-type ATPase characteristic motifs are indicated (A–I). (B) RT-PCR and heminested-PCR products from enterocytes (E) and colonocytes
(C) analyzed through 1% agarose gel electrophoresis. DEPC-water was used as a negative control (−1). RT-PCR without reverse transcriptase was carried out from enterocyte (E-2)
or colonocyte (C-2) RNAs. Heminested-PCR was performed from 1 μl of 1:1000 dilution from each RT-PCR product. Two main DNA bands were detected in heminested-PCR from
enterocytes (bands a and c) and colonocytes (bands b and d). Lanes A, B, C and D correspond to fragments cloned from bands a, b, c and d of the heminested-PCR, respectively. MW
represents 100 bp DNA ladder. (C) Schematic alignment of atp1a1 (1283 bp) and atna (1148 bp) cDNA fragments obtained from intestinal cells. Fragments share two homologue
segments, denoted as X and Z. Another segment of 135 bp, named Y, is only present in the Na+/K+-ATPase cDNA fragment (atp1a1). These cDNA fragments were translated by
Translate program and aligned with several cation/K+-ATPase sequences with the ClustalW program. The aligned cation/K+-ATPase sequences include Na+/K+-ATPase α-subunit,
isoforms 1–4; invertebrate Na+/K+-ATPase α-subunit and H+/K+-ATPase α-subunit, isoforms 1 and 2. Swiss-Prot names and access numbers are indicated for each aligned protein.
Segment Y encodes for a region of 45 amino acids (enclosed by a rectangle), highly conserved in all cation/K+-ATPases, which includes 21 residues 100% preserved in this protein
group (shadow residues).
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Na+-ATPase was achieved using anion exchange chromatography
(Fig. 2D) but this additional step partially inactivated the enzyme.The puriﬁed Na+-ATPase was Mg2+-dependent, speciﬁcally
activated by Na+, inhibited by vanadate and furosemide, but
insensitive to ouabain (Fig. 3). These characteristics are identical to
Fig. 7. RLM-RACE to complete the nucleotide sequence of atna and atp1a1 cDNAs from Cavia porcellus. (A) Electrophoretical analysis of products from the three PCR rounds of 5′RACE.
A cDNA template was synthesized from 250 ng of enterocyte Poly(A)+-RNA as indicated inmethods. First-PCR was performed from 1 μl of cDNA template using primers GR5P and R5R1
that recognizes common sequence targets for both atna and atp1a1 cDNAs. Second-PCRs were performed with 1 μl of 1000-fold diluted First-PCR product, employing primer GR5P
combinedwith speciﬁc primer foratna (R5R2S) oratp1a1 (R5R2K). Third-PCRswereperformedwith1 μl of the respective1000-fold dilutedSecond-PCRproduct (for atnaoratp1a1), using
primers R5R3 and GR5NP. (B) Electrophoretical analysis of products from the three PCR rounds of 3′RACE. First-PCR was performed from 1 μl of cDNA template using primers GR3P and
R3F1 that recognizes common sequence targets for both atna and atp1a1 cDNAs. Second-PCRs were performed with 1 μl of 1000-fold diluted First-PCR product, employing primer GR3P
combinedwith speciﬁc primer for atna (R3F2S) oratp1a1 (R3F2K). Third-PCRswereperformedwith 1 μl of the respective1000-fold diluted Second-PCRproduct (for atnaoratp1a1), using
primers R3F3 and GR3NP. DEPC-treated water was used as negative control (−). Schematic alignment and assembly of atna (C) and atp1a1 (D) cDNA fragments. Sequences of the cDNA
fragments obtained through heminested-PCR, 5′RACE and 3′RACE were aligned with previously reported fragments [36]. Their overlapping permitted to complete the sequence of each
atna and atp1a1 cDNAs. GenBank accession numbers EF489487 and EF489488 were actualized with these results.
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[8], demonstrating that the puriﬁed enzyme is not modiﬁed during
the preparative procedure. Electrophoretical analysis (Fig. 4) and
anion exchange chromatography demonstrated that Na+-ATPase is a
complex constituted by at least two different subunits of 90 kDa (α-
subunit) and 50 kDa (β-subunit).
The glycosylated 50 kDa subunit could be a non-described P-type
ATPase β-subunit, although the available sequence evidence is not
conclusive. However, its N-terminal (SPLEYQD) does not correspondto any previously reported β-subunit. The Na+-ATPase 50 kDa subunit
and the Na+/K+-ATPase β-subunit are glycosylated; however, they
seem to differentially interact with concanavalin A, which could be
due to different glycoprotein oligosaccharide composition. It is well
known that glycoproteins interact differentially with lectins, depend-
ing on their sugar residues content [42].
The analysis of the 90-kDa Na+-ATPase (α-subunit) by tandem
mass spectrometry did not identify any known protein. Nevertheless,
this protein shares at least three trypsin-derived peptides with the
Fig. 8. Complete sequence of Cavia porcellus atna cDNA. The complete 2787-bp nucleotide sequence of atna cDNA from Cavia porcellus (upper line; GenBank access number:
EF489487.2, GI:283442232) and its translation to amino acid sequence (bottom line) are shown. The poly-A signal, the nine P-type ATPase structural motifs (bold) and the three
peptides reported in the tandemmass spectrometry (italic and bold) are indicated. The sequences of the forward primers are enclosed into squares, while the target sequences of the
reverse primers are shaded in gray.
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relative position on their primary structure. If the Na+-ATPase has
these three peptides in the same order, it would be possible to design
degenerate primers to clone the cDNAof both theNa+- and theNa+/K+-ATPases. As expected, successive RT-PCR andheminested-PCR produced
two cDNA fragments: one of 1283-bp that corresponds to the previously
reported Na+/K+-ATPase α1-subunit (EF489488) [38] and another one
of 1148-bp that matches in 710 bpwith the previously reported guinea-
Fig. 9. Identiﬁcation of atna and atp1a1mRNAs in guinea-pig intestinal epithelial cells by
Northern blot. Total RNA (5 μg/lane) of guinea-pig enterocytes (E) and colonocytes
(C) were loaded. Northern blot was carried out using NorthernMax Kit and manufacturer
indicationswere followed. DNAprobes for atna and atp1a1mRNAswere generated by PCR
from the respective 3′-end, random-primed labeled with [33P]-α-dCTP by mean of
DECAprime II Kit and puriﬁed. Radiolabeled probes were diluted 10-fold with 10 mM
EDTA, denatured at 90 °C for 10 min, quickly cooled, brieﬂy centrifuged, and mixed with
500 μl of preheated ULTRAhyb Buffer. Immediately, probe-containing mixture was added
to the prehybridized blot in ULTRAhyb Buffer and then incubated at 42 °C for 20 h. After
washed, radiolabeled blots were sealed in plastic wrap and exposed to X-ray ﬁlm for
autoradiography during 72 h. As indicated, left panel shows the result with atna probe
incubation, while right panel shows the result using atp1a1 probe.
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ATPase.
The cDNA sequence of both atna and atp1a1 was completed by 5′
RACE and 3′RACE (Fig. 7). The atna mRNA is 2789-bp long, encodes
the nine preserved structural motifs described for the P-type ATPase
catalytic subunits and includes the three peptides identiﬁed byMs-Ms
(Fig. 8). The sequences of atna and atp1a1 mRNAs are 63% identical,
but their differences are not homogeneously distributed. Thus, they
share extensive clusters of nucleotide sequence with 100% identity,
particularly into the segment that codes for the intracellular loops B
and C, suggesting that both mRNAs could rise from the same gene.
Search into the guinea-pig genomic database reveals that atna and
atp1a1 cDNAs share the same genetic locus: atp1a1. The atna mRNA
exactly shares 13 exons with atp1a1 mRNA, but has ﬁve exclusive
exons located at the 5′- and 3′-ends. In addition, these mRNAs have
distinctive untranslated regions (5′-UTR and 3′-UTR). The fact that
two mRNAs share locus and exons could be explained by alternative
splicing. However, the existence of a common mRNA precursor for
atna and atp1a1 mRNAs seems to be unlikely since the transcription
initiation site for both transcripts is separated by more than 8.4 kb.
Additionally, independent putative promoter regions and particular
transcriptional factor sites can be identiﬁed for each transcript. The
atna promoter region includes TATA-box and two overlapped
initiators (Lyf-1 and Ik2) just over the transcription initiation site
that are absent in the atp1a1 promoter. Moreover, atna promoter
region has four HSF, absent in atp1a1 promoter, which has other
transcriptional factor sites. Therefore, atna and atp1a1 mRNA
precursors seem to be independently transcribed from own promo-
ters, following different predetermined splicingways (Supplementary
Fig. 2). A similar situation has been reported for the two transcrip-
tional variants of the non-gastric H+/K+-ATPaseα-subunit, which are
transcribed from independent promoters into the same locus atp12,
being the splicing route predetermined by the promoter selection step
[43]. Alternative promoter selection and alternative splicing are usualfor eukaryotic genes, being processes that greatly expand the number
of proteins encoded by one genome. Thus, the fact that the same
atp1a1 gene encodes both K+-dependent and K+-independent Na+-
ATPases obviously represents a genetic advantage. In human, an
alternative transcript of atp1a1mRNA (truncated b-variant) had been
previously described in retinal pigment epithelium [44].
The co-expression of atna (2.8 kb) and atp1a1 (3.6 kb) mRNAs in
enterocytes and colonocytes was corroborated by Northern blot using
a radiolabeled probe target to the respective 3′-end of each mRNA.
These results verify the molecular size and the differences existing
between their 3′-ends (Fig. 9).
The relationship between atnamRNAand theK+-independentNa+-
ATPase was demonstrated through mRNA interference experiments
(Fig. 10 and Supplementary Fig. 3). It is accepted that siRNA-mediated
mRNA degradation is a high speciﬁc procedure [32]. In this sense, atna
and atp1a1 siRNAs brought the degradation of atna and atp1a1mRNAs,
respectively, without any cross-reaction, as determined by semi-
quantitative and quantitative speciﬁc RT-PCRs. The silencing of atna
mRNA produced a signiﬁcant reduction in the K+-independent,
ouabain-insensitive, Na+-ATPase, without any change in the ouabain-
sensitive Na+/K+-ATPase. As expected, atp1a1 mRNA silencing
generated the opposite effect on these Na+-ATPase activities.
Moreover, the silencing of the atna mRNA produced the speciﬁc
abolition of the α-subunit Na+-ATPase expression, without any effect
on the respective β-subunit. It was veriﬁed by immunoblot
techniques, employing hen IgY polyclonal antibodies produced against
the puriﬁed Na+-ATPase. These results suggest that atna mRNA
encodes the α-subunit of the K+-independent, ouabain-insensitive Na+-
ATPase. The suppression in the ATNA mRNA (92%) correlates well with
the reduction in the Na+-ATPase α-subunit level (88%) measured by
immunoblot. However, the Na+-ATPase activity is only reduced in 60%. It
could be due to adaptive positive modulation over the remaining
α-subunit.
It is important to notice that in all interference experiments carried
out here, MDCK cells treated with atna or atp1a1 siRNAs for 72 h did
not survive when they were detached and re-cultured. In contrast,
irrelevant siRNA treatment or vehicle treatment (lipofectamine alone)
did not have any deleterious effect on cellular viability, after 48 h of
re-culturing, reaching 100% conﬂuence. It suggests that noxious effect
is speciﬁcally due to the suppression of atna or atp1a1 mRNAs.
Interestingly, inhibitors of Na+/K+-ATPase sensitize cancer cells to
anoikis (detachment-induced apoptosis) and prevent metastasic
dissemination [39]. These experiments suggest that active Na+
transport is essential for cellular survival during detachment
procedure and could explain the noxious effect detected when Na+-
or Na+/K+-ATPases were silenced. In addition, siRNA-mediated
suppression of the Na+-ATPase seems to be lethal under certain
conditions, even though these cells show normal Na+/K+-ATPase
activity, indicating that Na+-ATPase could have an essential role that
could not be replaced by any other enzyme.
Antibodies raised against puriﬁed Na+-ATPase speciﬁcally recog-
nize the α (90 kDa) and β (50 kDa) subunits of this enzyme and
inhibits its ATPase activity, but weakly reacted against the Na+/K+-
ATPase preparation. These results support the hypothesis that the K+-
independentNa+-ATPase is a unique biochemical entity. Interestingly,
although atna and atp1a1 mRNA-encoded proteins share a middle
segment in their sequences (from M2 to M5), any cross-reactivity
between Na+- and Na+/K+-ATPase polyclonal antibodies could be
appreciated. It is well known that the most preserved phylogenetic
segments (as is the M2–M5 segment for P-type ATPase family) have
the lowest immunogenic potential [45]. In contrast, amino- and
carboxy-terminal ends of a protein are usually very good immunogens
[45]. In fact, the atna and atp1a1 mRNA-encoded proteins broadly
differ into the amino- and carboxyl-terminal ends and therefore they
could be the dominant immunogens for the generation of speciﬁc IgY
polyclonal antibodies and, therefore, the main targets of them.
Fig. 10. Silencing of Na+-ATPase. MDCK cells at 30-35% of conﬂuence were washed and then transfected with 100 nM of respective siRNA (atna-, atp1a1- or irrelevant siRNAs) as
indicated in Materials and methods (Section 2.22), using 0.2% Lipofectamine-2000 in Ca2+-supplemented Opti-MEM medium. After 72 h, cells were analyzed as indicated in
Materials and methods. (A) Effectiveness of RNA silencing. Electrophoretical analysis of speciﬁc RT-PCR products for the mRNAs of atna, atp1a1 and β-actin (constitutive gene)
through 2% agarose gel. RT-PCRs were carried out using 3 μg of MDCK total RNA. DEPC-water was used as PCR negative control (−). (B) Quantiﬁcation of RNA silencing effectiveness
by real-time PCR. qRT-PCRs were carried out from 3 μg of total MDCK RNA. Graphic shows the percentage of atna and atp1a1mRNA expression double-normalized with constitutive
gene (β-actin) and the control (irrelevant siRNA). (C) Effect of RNA silencing on the expression of Na+-ATPaseα- and β-subunits. MDCK cell homogenate (40 μg) from of each group
was run in a 7.5% SDS-PAGE. Separated proteins were electrotransferred to nitrocellulose and then blocked with non-fat milk (5%) with 0.1% Tween 20 in TBS. Chicken IgY anti-Na+-
ATPase polyclonal antibodies (1:1000 dilution) were used as primary antibodies. Nitrocellulose membrane was incubated with horseradish peroxidase-conjugated rabbit anti-IgY as
secondary antibody. Peroxidase activity was developed using DAB with ion metal enhancement [25]. Basolateral plasma membrane fraction of guinea-pig enterocyte was used as a
positive control (+). The protein bands corresponding to the Na+-ATPase 90-kDa (α) and 50-kDa (β) subunits are indicated with arrows. (D) Densitometric analysis. The optical
density of the Na+-ATPase α- and β-subunit, immunodetected in C, was quantiﬁed by Kodak Digital Science 1D Image Analysis Software v. 3.0.2. (E) Effect of RNA silencing on Na+-
and Na+/K+-ATPase activities of MDCK cells. ATPase activities were determined in the homogenate as described in Materials and methods (Section 2.2). Values were normalized
with control (treatment with irrelevant siRNA) and are represented as mean±SEM of three independent experiments. *pb0.05; **pb0.001.
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be emphasized from the analysis of the ATNA amino acid sequence:
(i) the two ﬁrst transmembrane segments (M1–M2) of atna-encodedprotein differ from the homologous Na+/K+-ATPase segments, which
are involved in ouabain-binding [46]. (ii) Thr-774 of the Na+/K+-
ATPaseα1-subunit is substituted by Ile in atnamRNA encoded protein
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ATPase α1-subunit transformed this enzyme in an ouabain-insensi-
tive Na+/K+-ATPase [47]. These data could explain the ouabain
insensitivity of the K+-independent Na+-ATPase. (iii) The segment of
45 amino acids (between Lys-445 and Leu-491), present in all cation/
K+-ATPases but absent in the atna protein (Fig. 6C), is located into the
nucleotide domain, between the motifs E and F (Supplementary
Fig. 4A). This segment is fold as a bulky structure with two α-helixes
and three β-sheets that are located into N domain, near to P and A
domains (Supplementary Fig. 4B–D). It could be related with the K+
dependence of the cation/K+-ATPases and their absence in atna
protein could explain the K+ independence of the Na+-ATPase.
Observing the three-dimensional model of the Na+/K+-ATPase α1-
subunit stabilized in E2 conformation state (Supplementary Fig. 4C),
this segment of 45 amino acids is located close between the
phosphatase domain and the phosphorylation site. In fact, during E2
conformation the distance between Ala-456 (located into 45-amino
acid cation/K+-ATPase exclusive region) and Ser-227 (located into B
motif of A domain) is 7.52 Å, very similar to the 7.07 Å existing
between Glu-226 (located into B motif of A domain) and Asp-381
(phosphorylable aspartate located in E motif of P domain). Although
there are not crystallographic data of the Na+/K+-ATPase in E2-P
conformation, it is possible that the 45-amino acid segment could
exert a steric impediment between A and P domain, stabilizing the
phosphoryl-enzyme in E2-P conformation until K+-binding. Once K+
is bound, it should induce an additional conformational change that
allows the A/P domain interaction and the subsequent dephosphor-
ylation of the enzyme. However, this hypothesis requires experimen-
tal demonstration.
It is accepted that the number of transmembrane domains for
P-type ATPases can range between 6 and 12 [48]. Accordingly,
TMpred and MPEx programs predict at least six α-helical transmem-
brane domains in the ATNA sequence (Supplementary Fig. 1A). These
six putative transmembrane segmentswere also identiﬁed by sequence
alignment with pig Na+/K+-ATPase α1-subunit, whose 3D-structure
has been elucidated [49]. Thus ATNA protein seems to be conformed by
at least six α-helical transmembrane segments, which are arranged in
three pairs: one before B motif, one just before E motif, and one
immediately after H motif. These six transmembrane segments have
been considered as part of P-type ATPase protein core [50] that includes
the nucleotide-binding site (N domain), the phosphorylation site
(P domain) and the phosphatase domain (A domain). Moreover,
homology analysis seems to indicate that ATNA has the basic functional
structure for a P-type ATPase, which include preserved amino acid
residues: the phosphorylation site (Asp-364), the kinase domain (Asp-
364, Lys-365 and Thr-366), the nucleotide-binding domain (Thr-560,
Gly-561, Lys-641, Asp-660 andAsn-663), thephosphatasedomain (Thr-
207, Gly-208 and Glu-209), the sites I (Glu-322) and II (Glu-322 and
Asp-754) for Na+-binding, the gate-lock (Leu-98) for Na+-occlusion,
and the half-channels for Na+ transport (transmembrane segmentsM1,
M2,M4 andM6) [48]. This analysis suggests that ATNA could pump two
Na+ cations per catalytic cycle.
Finally, a K+-independent Na+ pump mechanism could be
considered important for the prevention of K+-poisoning in cells
that transport sodium at very high rate. This is the case of small
intestinal and proximal tubular epithelia on which actively sodium
transport is extensive. Thus, the expression of a K+-independent Na+-
ATPase in these tissues seems to be necessary for the continuous
absorption of sodium, water and solutes, without a signiﬁcant
intracellular K+-increase. Nevertheless, it does not discard that K+-
channels also could play a role in this process. It is very interesting
that the Na+-ATPase has been described in intestinal and renal
tissues, which are implicated in the regulation of the volemia.
Furthermore, the ouabain-insensitive Na+-ATPase activity from
kidney proximal tubule is regulated by angiotensin II [16] and is
increased in spontaneously hypertensive rats (SHR), suggesting thatthis enzyme could be involved in the development of essential
hypertension [16]. It must be emphasized that K+-independent Na+-
ATPase is inhibited by furosemide, a powerful diuretic drug used in
hypertensive patients [51], being possible that this ATPase could be
another furosemide-target, in addition to the Na+/K+/2Cl- co-
transporter. The possible role of the K+-independent Na+-ATPase in
several disorders of the Na+-metabolism is current under study.
5. Conclusions
The K+-independent, ouabain-insensitive Na+-ATPase from guin-
ea-pig small intestine is an independent molecular, biochemical and
antigenic entity, constituted by at least two subunits. The Na+-ATPase
α-subunit cDNA (atna) was cloned, sequenced and silenced. It
encodes a protein of 811 amino acids that has the nine structural
motifs of the P-type ATPases. These results identify the K+-
independent, ouabain-insensitive Na+-ATPase as a new P-type
ATPase.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2011.02.010.
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